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I

INTRODUCTION

1.1. PURPOSE

The purpose of this project is I) to model the fire growth which can occur
along ceiling channels (simulating an aircraft fuselage) through the use

of small-scale experiments at elevated air pressure and 2) to model the radiant
heat transfer from ceiling fire gases in a long channel through analytical and

numerical techniques.

1.2 BACKGROUND

Fire growth within an aircraft cabin environment can occur by several

different modes. One such mode is by upward fire spread on vertical surfaces,
a process which can be very rapid. In a previous study1 , the feasibility of
modeling upward fire spread on vertical walls through the use of small-scale
experiments at elevated air pressure (pressure modeling) was proven for a fuel
with simple vaporization characteristics, polymethylmethacrylate (PMMA). Rela-
tive rates of upward spread among 15 different aircraft materials at elevated
air pressures were also investigated in this study. As a result of the work
in reference 1, it was found that samples of aircraft materials could be con-
veniently ranked by characteristic rate of upward fire spread, with such a
ranking being reasonably independent of absolute air pressure in the range from

10 to 30 atmospheres.

Another mode for fire growth in a fuselage type of enclosure is by flame
spread on the long ceiling channel formed by the cabin ceiling and walls. The
hot gas layer near the ceiling resulting from such fire spread can lead to full
enclosure involvement in fire due to radiative heat transfer to lower levels
at large distances from the ignition location. Fire spread under ceilings as
well as steady burning of ceilings has not been studied in detail compared to
other modes of fire spread. Recent progress in this area has resulted from
work which appears in references 2-8. Babrauskas 2 estimates flame lengths
under open and channeled inert ceilings due to pool fire plume impingement.
A simplified mass flow calculation procedure is ud iln reference 2 to obtain
results for comparison with extensive measurements by You and Faeth 7 on small-
scale iless than 0.34 m height) axisymmetric impinging flames and by Hinkley
et at on flames along large-scale channels. Flame spread in the direction of
forced convective flows is analyzed by Fernandez-Pello 6 and by Annamalai and
Sibulkin3 for the laminar case where thermal radiation is unimportant and by
Carrier et a1 5 for the tunnel geometry used in the ASTM E84 flammability test.
In the latter reference 5 , numerical solution of a very complex mathematical
formulation is required. Movement of smoke or combustion products in large-
scale ceiling channels has been analyzed recently by Delichatsios 4 while
Hwang et a1 9 have previously studied product flow along the ceilings of venti-
lated ducts. Work done by Alpert I0 establishes simplified integral models for
nonreacting ceiling-jets in two-dimensional channels. The flow studied in



reference 10 results from impingement of a line plume across the entire channel
width rather than from axisymmetric plume impingement, as in reference 4. None
of the preceding theoretical work directly addresses the problem of predicting
self-sustained fire spread in ceiling channels, although many of the results
can eventually be applied to making such predictions.

Because of the absence of proven theoretical predictive techniques, the first
part of the present study investigates the possibility of physical modeling
of the ceiling fire spread phenomenon through use of the pressure modeling
technique. In this first section of the report, small-scale tests run at ele-
vated ambient pressure yield measurements of transient flame lengths, mass loss
rates and radiant heat loss for five different ceiling materials exposed to a
PMMA wall fire at one end of a long channel. Full-scale tests with the same
five materials and an analysis of the effect of pressure on radiant heat loss
are used to evaluate modeling success. Results show the modeling to be sur-
prisingly accurate for both inert and PMMA ceilings in spite of relatively thick
hot-gas layers, radiation from which cannot be readily modeled at elevated air
pressure. However, it is shown that the flame spread process is not modeled
tor three aircraft material ceilings, probably due to charring effects and
the impracticality of changing the thickness of complex, composite materials.
(A factor of 10 decrease in full-scale thickness is required for modeling at
31 atmospheres.)

In the second part of the report, radiant heat loss from realistic, corridor-
like ceiling, fires is examined in detail. As part of this study, the con-
sistency of several different ceiling layer temperature and heat flux measure-
ments made during the series of full-scale tests is analyzed. Exact numerical
calculation of radiant heat flux from hot gases in a long ceiling channel (such
as an aircraft cabin) are then shown to be in very good agreement with results
from an approximate, analytical technique. This analytical procedure greatly
simplifies the task of calculating radiant emission from inhomogeneous hot gas
[ayers of known size, composition and temperature.



PRESSURE MODELING OF CEILING FIRE GROWTH

2.1 EXPERIMENTAL ARRANGEMENT

2.1.1 MODELING TECHNIQUE. The pressure modeling technique for prediction of
transient, large-scale fire phenomena from small-scale experiments is fully
described in references 12-14. As explained in these references, the modeling
scheme requires the reduction of all characteristic length scales as the minus
2/3 power of absolute air pressure. This type of scaling preserves the full-
scale relationship among gas phase inertial, buoyant and viscous forces. Solid
phase thermal response and vaporization characteristics will also model full-
scale phenomena, but on a time scale which is reduced as the minus 4/3 power
of absolute air pressure. The previous study of upward fire spread has shown
that the modeling scheme may not generally be successful if thermal radiation
from solid surfaces or from thick gas layers is the dominant heat transfer mode
in fire growth.

2.1.2 WALL-CHANNEL CONFIGURATION. The prototype configuration to be pressure
modeled is illustrated by the schematics in Figures 1 and 2. A 2.4 m long,
0.46 m wide channel is formed by a replaceable ceiling and two permanent side-
walls extending 0.23 m below the ceiling. At one end of the channel is a
0.9 m high PITh4A wall separated from the ceiling by a 0.32 m high inert wall
section.

Tests are initiated by ignition of the PMMA wall at the single point shown in
the schematics. Use of a point ignition greatly enhances experimental repro-
ducibility and simplifies the elevated pressure model tests. About 16 to 17
minutes after this ignition, there is steady flame impingement on the ceiling
material and about 25 to 27 minutes after ignition, flames have spread laterally
to almost the full, 0.305 m width of the PMMA wall. if the PNMA wall width
were equal to the 0.46 m channel width, complete lateral flame spread would
not occur during the time available for the experiment due to the point ig-
nition and very low lateral flame spread rate. Some 35 to 40 minutes after
ignition, safety considerations generally dictate a termination of the test by
extinguishment of the PMMA wall fire.

The height and position of the PMMUA wall and the depth of the channel and
vertical side walls that are shown in Figures 1 and 2 were selected after a
number of model experiments at elevated air pressure. These 20-atmosphere tests
indicated that complete flame spread over an inert ceiling would occur within
30 minutes (at full-scale) solely as a result of the PMMA wall fire if a 1.22 m
high wall in direct contact with the ceiling were used, as originally planned.
In order to distinguish among different combustible ceilings on the basis of
flame spread rate, the PMMA wall height was reduced to 0.9 m; a 0.32 m high
inert wall was inserted between the top of the PMNA wall and the ceiling.
With this final arrangement, it was found from the model experiments that
flames from the PMMA wall fire would not extend along the complete length of
an inert ceiling for the equivalent of more than 30-40 minutes (see Sections
2.3 and 2.4).
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Model experiments were also used to determine the minimum channel depth
(distance from ceiling to bottom of channel side-wall) required to contain the
ceiling gas flow. Initial experiments with 0.15 m channel depth revealed an
excessive amount of gas leakage with inert and combustible ceilings. Such
leakage was virtually eliminated with the final selected depth of 0.23 M.
This value is in good agreement with the predicted maximum thickness of a two-
dimensional (planar) ceiling-jet, as obtained from the theory of reference 10
(Figure 6). For a ceiling height above the "point" fire source of 0.77 m
(assume the point source is the mid-height of the PMA wall) and a ceiling-jet
Length of 2.4 m, the predicted value of ceiling-jet thickness from reference 10
is 0.21 m.

The depth of the vertical, confining side-walls on the PNMA wall at the end of
the channel were also selected from model experiments. It was found from model
tests that a vertical side-wall depth of 0.05 m was inadequate for containing
flames from the PMMA wall at a height of 1.22 m above the wall base. The
minimum acceptable side-wall depth of 0.076 m, finally chosen, represents
1/16 of the total PMMA and inert wall height, a ratio obtained previously15

from full-scale tests.

2.1.3 FULL-SCALE TESTS. Full-scale experiments are performed with each of the
five ceiling materials listed in Table 1. In addition, duplicate tests are
run with the inert and PM4A ceilings for much longer durations than the initial
tests. For the PMMA experiment, data are only obtained during a steady burn-
ing period of full ceiling involvement.

Each of the seven full-scale tests are instrumented according to the schematic
in Figure 1, which contains instrument symbols explained in Table 2. All
instrumentation is located as close as possible to the mid-plane of the channel.
The main measurement station for these experiments is about 1.82 m from the
PMMA wall. At this station are located two different narrow angle radiometers
viewing the bottom of the smoke layer, an array of thermocouples, and a smoke
absorption meter consisting of a radiometer viewing an optically-chopped,
725 C blackbody oven. Both narrow-angle radiometers utilize an optically chopped

beam, amplifiers "locked-in" to the chopping frequency and right angle mirrors
for viewing the layer with a horizontal radiometer axis. Calibration of the
radiometers is performed with right angle mirrors installed. In addition, a
thermocouple and a water-cooled Garden-type heat flux gage are mounted flush
with the surface of the inert ceiling in order to obtain surface temperature
and total heat flux to the ceiling respectively. With combustible ceilings,
the surface thermocouple is not used. Instead, a (1800) wide angle, radiant
flux measurement is made by an upward facing Gardon gage at the center of the
channel, 0.763 m below the ceiling surface.

Gas temperature distributions are obtained from thermocouples at the main
measurement station and at three other locations. Radiation errors are minimized
by use of 0.127 mm dia cliromel-alumel wire and by thermocouple bead sizes which
are less than twice the wire dimension. Conduction errors are also minimized
by keeping thermocouple wires coincident with expected isotherms.

Lj



TABLE 1.-DESCRIPTION OF CEILING MATERIALS

Ceiling Material Material
Material Composition Thickness

Inert "Cotronics" type 360 50.8 mm: p/po= 1.0

ceramic board 12.7 mm: p/po= 11.2

6.35 mm: p/po= 21.4

and p/po= 31.6

PMMA Polymethyl methacrylate 31.75 mm: p/po= 1 0

cast sheet ("Plexiglas" 6.35 mm: p/po= 11.2

type C) 3.18 mm: p/po= 21.4

and p/po = 31.6

No. B8811 Honeycomb Composite 6.99 mm overall

(solid face 0.64 mm thick)

No. 223 Honeycomb Composite 12.45 mm overall

(perforated face, 0.38 mm

thick, melts and sags, expos-

ing honeycomb during fire spread)

No. 234 Fiberglass Reinforced 2.03 mm

polyester (rigid solid

sheet)

• d __ , . --- l I - " II . . . . I " " I .. ...7



TABLE 2.-MEASUREMENT INSTRUMENTS FOR FULL-SCALE TESTS

instrument I.D. Description

BI Radiometer, 1.30 total view angle of smoke layer,
optically chopped, orifice 0.23 m below* ceiling,
sensor 0.79 m from ceiling (also used for pres-
sure modeling measurements).

B2 Radiometer, 25.4 mm diameter parallel beam from

smoke layer, optically chopped, orifice 0.23 m
below ceiling. Uses nitrogen purged, right
angle mirror.

C3 Smoke Absorption Radiometer. 25.4 mm diameter
parallel beam views optically chopped radiation
from 725*C oven, optical axis 70 mm below
ceiling, 300 nun path length for smoke absorption.

Nitrogen purged, honeycomb view ports define
absorption path length.

D4 Gardon-type, Total Heat Flux Gauge, 180' view
angle, 0-10 W/cm 2 range, flush with surface of
inert ceiling (facing down), 0.763 m below

aircraft and PMMA ceilings (facing ceiling).

D5 Gardon-Lype Radiometer, 0-10 W/cm 2 range,
Nitrogen-purged Irtran II window, 90° total
view angle of smoke layer, 0.61 m below ceiling.

A6 Thermocouple in smoke layer, 30 mm below ceiling

A7 Thermocouple in smoke layer, 63 mm below ceiling

A8 Thermocouple in smoke layer, 130 mm below ceiling

A9 Thermocouple in smoke layer, 191 mm below ceiling

AlO Thermocouple in smoke layer, 225 mm below ceiling

All Thermocouple in smoke layer, 70 mm below ceiling

A12 Thermocouple in smoke layer, 64 mm below ceiling

A13 Thermocouple on back surface, center of PMMA wall

A14 Thermocouple on surface of inert ceiling.

Increase all below-ceiling distances by 25 mm (see Figure 2) for Test 7-9-80.
All instrumentation is mounted nearly equidistant from the two channel side-walls.



The flame spread process on the vertical PMMA wall and under the ceiling
is photographed with two 35 mm cameras. one camera, located behind the trans-
parent PMMA wall, views the advance up the wall of flame followed by the onset
of surface bubbles which characterize the beginning of fuel pyrolysis. A clear
view of this pyrolysis front and the upward spread process is obtained from be-
hind the wall if the camera is in darkness and an illuminated white surface in
front of the wall is used as a background. The second camera, which is motorized
and equipped with a 25O-exposure-capacity film back, views the ceiling from the
side of the channel structure through a long, back surface mirror set at a
shallow angle (about 250 to the horizontal) on the laboratory floor. Because
the mirror has roughly the same dimensions as the ceiling, the side camera re-
cords flame lengths and position along the entire ceiling surface and on much
of the upper portion of the vertical PMKA wall. A digital clock and a length
grid appear in each camera view to facilitate data reduction and synchronization
of photographs with all other measurements.

The entire full-scale ceiling channel is located under a large-capacity,
water-cooled combustion hood. During the initial stages of the test, when up-
ward fire spread on the PMMA wall is in progress, combustion products exit the
end of the channel and flow up to the hood exhaust duct by natural convection.
A fan in the hood exhaust duct is activated once the capacity of the hood is
taxed by the volume of combustion products. This generally occurs well after
flame impingement on the ceiling material.

2.1.4 MODEL TESTS. Experiments with geometrically scaled models of the full-
scale ceiling channel are performed at elevated air pressures of 11.2, 21.4 and
31.6 atmospheres. These experiments are initiated in a facility consisting
of a pressure vessel of 1.22 m inside diameter and 2.7 m3 volume. Combustion
products are well above the model ceiling channel for all experiments due to
stratification and an adequate vessel interior volume. Further details about
the pressure vessel and the remainder of the facility at the Factory Mutual
Research Corporation (FMRC) may be found in reference 16.

The configuration and composition of the wall and ceiling channel shown in
Figures I and 2 are also used for the model experiments. All full-scale dimen-
sions given in Figures 1 and 2 are reduced by the factor, (p/p.)-2/3, where p
is absolute air pressure and p0 the reference, atmospheric pressure. one ex-
ception to this scaling rule is the thickness of the three aircraft material
ceilings. Changing the thickness of complex, composite materials is generally
not possible without total refabrication. As a result, the normal, full-scale
aircraft material thickness is employed at all test pressures. However,' the-23thickness of the inert and PNMA ceilings is scaled roughly as the required p2 3

Both these ceilings are thermally thick for the duration of the fire so that the
exact ceiling thickness is unimportant.

Another exception to the geometric scaling at elevated pressures is the
ignition mode shown in Figures 1 and 2. For all experiments at elevated pres-
sure, a small wooden toothpick is used to ignite the PMKtA wall, instead of a

Lq



sca led, PMMA rod. The energy applied by the burning toothpick or PMMA rod to
the PNU4A wall at all scales is probably close to the minimum amount needed for
initiation of upward fire i;pread.

Instrumentation for the model experiments is necessarily limited by the
space available in the vessel and the elevated pressure environment. As in the
full-scale experiments, the flame position under the ceiling and the radiance
of the bottom of the ceiling smoke layer are measured during the elevated pres-
sure tests. In addition, the total mass loss rate of the combined wall-ceiling
configuration is measured continuously by a load transducer coupled to the plat-
form on which the ceiling channel is mounted.

The radiometer used to measure the radiance of the ceiling flames and
ceiling surface for the pressure vessel experiments is fully described in
reference 1. This instrument, which is also used for the full-scale tests,
views the ceiling through a first surface, right-angle mirror. Although soot
from the burning ceiling can be deposited on the mirror during a given exneri-
mnent, cleaning of the mirror with acetone and cotton after each test prevents
significant buildup of residue. Calibration of the radiometer-mirror system
with a blackbody oven has shown that such mirror cleaning does not adversely
affect infrared reflectivity.

Flame position under the model ceilings is obtained by a motorized 35 mm
camera viewing the ceiling through a pressure vessel window and a long back
surface mirror set at a shallow angle on the load platform. Because of limited
space under the model ceiling, the viewing mirror only extends from the PMMA
wall to near the right-angle mirror of the radiometer. Flame position measure-
ments are thus limited to about 2/3 the total channel length, except that the
existence of flame at the end of the channel can be viewed directly by Lhe
camera for the two smallest model structures used at 21.4 and 31.6 atmospheres.

2.2 EXPERIMENTAL RESULTS: FULL-SCALE TESTS

Measurements from all seven full-scale tests are tabulated in the Appendix,
generally as a function of time (in seconds) after ignition of the PMMA wall.
The tabulated measurements can be used in conjunction with the schematics of
Figures I and 2 and with the instrument descriptions in Table 2.

2.2.1 UPWARD FLAME SPREAD ON PMMA WALL. Measurements of flame height and
pyrolysis height above the ignition point on the PMMA wall are given in
Tables A-I and A-2. These data represent the results of two separate experi-
ments with an inert ceiling on the channel. Although the flame and pyrolysis
fronts reach the top of the PMMA wall in about 750 and 900 s, respectively,
the tear-shaped flame zone does not occupy the full, 0.305 m width of the PMMA
wall at any height until roughly 1500 s after ignition.

A least squares, exponential regression fit to the upward spread data
yields consistent, pyrolysis height growth factors for the two experiments but

10



significantly different flame height growth factors. The inconsistency in the
latter case is likely due to rapid flame height fluctuations and the indistinct
nature of the flame tip in photographs. In both cases, results compare favorably
with measurements made in the previous study1 for a 1.83 m high PMMA wall in the
open: average exponential growth factors for pyrolysis and flame heights of
0.0027 s

-1 and 0.0026 s- 1, resyectively, in the present study and 0.0024 s I

and 0.0023 s-1 in the previous study. The somewhat higher growth factors for
a PIA wall beneath a ceiling channel could be due to radiative feedback from

the ceiling, heated by combustion products in the channel flow.

2.2.2 IASS LOSS RATE OF PM1IA WALL. An average mass loss rate per unit area of
the burning PMiA wall is obtained from the known burning time at a given wall
height (the extinguishment time after ignition minus the pyrolysis spread time
to that height minus an 80 s transient (see reference 15) before quasi-steady
burning), from the weight of burned wall segments cut along the vertical wall
centerline after the test, and from the initial wall thickness. The resultant,
centerline fuel mass flux is given in Table A-3 for the two experiments with an
inert ceiling on the channel. As expected, average fuel mass flux is much
higher for the longer duration test because of the gradual buildup of thermal
radiation to the wall from both the channel hot gas layer and the Thannel
ceiling. Thermal radiation from the ceiling channel is also the reason that the
mass fluxes above a 0.6 m height for the shorter duration test are about 25%
higher and for the longer duration test about 45% higher than those measured by
Orloff et al115 for a PM1A wall in th.. open. Below a 0.6 m wall height, fuel
mass flux for the shorter duration test is about the .;ame as that given in
reference 15 but, for the longer duration test, about 24' higher than the
reference 15 values.

2.2.3 CEILING FIRE GROWTH. The extent of flames under each tested ceiling
of the channel structure is given in Figure 3. Flamt lengths, also listed in
Tables A-4 to A-9, refer to the horizontal distance between the inert section
of the channel end wall (above the I'M1A) and the average position of the flame
tip. Segments of flame which are detached from the main body of visible flame
are disregarded in making tiL flame length determination.

2.2.3.1 inert Ceiling. With an ine-t, ceramic board ceiling on the channel,
flames from the PMA wail fire gradually increase in length under the ceiling
due to lateral fire spread on the PIMM wall. Such spread is essentially complete
by 25 minutes after ignition, when flames extend out 30-40 rm along the ceiling.
Subsequent flame lengthening to about I m some 42 minutes after ignition (see
Figure 3) is due to the gradual increase in temperature of the ceiling surface,
with a consequent increase in radiative flux to the wall fire. This thermal
radiation feedback from the ceiling surface and ceiling layer gases leads to
higher wall burning rates and greater flame lengths as shown in Section 3.3.3.
Although fiame lengths are still increasing at 44 minutes after ignition due
to this coupling of thu wall fire with ceiling-induced thermal radiation, data
on ct.,iling layer radiative properties in Table A-11 indicate that a quasi-Steady

011dit ion has been achieved.
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During fire development, the white, ceramic board side-walls of the 2.4 m
long ceiling channel are blackened wherever there is contact with hot combustion
products or flame. Such markings clearly indicate a characteristic thickness of
the hot gas layer in the channel. Measurements of the blackened zone dimensions
on tile channel side walls after the tests with an inert ceiling show layer thick-
ness to be a nearly constant 178 mm from near the inert end wall (above the
P MA) to within 610 mm of tile outflow end of the channel. Closer to the channel
outflow end, these measurements show the layer thickness decreasing as follows:

Distance from End [mmi Layer Thickness [mm]

610 178
305 154
178 132

0 88

2.2.3.2 Aircraft Material No. 234. This ceiling consists of five curved panels
of fiberglass-reinforced polyester, oriented as shown in the Figure 2 schematic.
No backing or insulation is applied to the panels. The horizontal width of the
ceiling exposed to flame is maintained at the normal 460 mm through the use of
ceramic sealants and gaskets which are also used to close any gaps between
adjacent panels. Maximum ceiling height above the top of the PMMA wall is
25 mm greater than that for the other ceilings, due to the panel curvature.

During fire impingement on the ceiling panels, pyrolysis products are observed
above the ceiling, presumably from decomposition of the ceiling material.
This ceiling vaporization is obvious by 18.5 minutes after ignition and by 20
minutes after ignition, decomposition has resulted in buckling of the ceiling
panel closest to the PMRA wall fire. However, flame spread due to ceiling
combustion is not evident. As shown in Figure 3, flame lengths at equivalent
times are comparable to those for the inert ceiling. There is some shortening
of flames, in fact, due to the slightly increased ceiling height of the curved
pane l s.

2.2.3.3 Aircraft Material No. B8811. This flat ceiling consists of a solid-
faced, honeycomb composite. No backing or insulation is applied above the
ceiling. Ceramic paste seals the single joint between panels, about 2 m from
the wall fire. As a result of fire impingement, the ceiling blackens and
blisters significantly but there is no flame spread due to ceiling combustion.
Nearly the entire length of the ceiling is blackened and blistered by about
22 to 25 minutes after ignition, while flaming combustion extends only 35 to
45 cm out from the end wall. At later times, flame lengths under the B8811
ceiling are about the same as for the inert ceiling (see Figure 3).

2.2.3.4 Aircraft Material No. 224. Hot combustion products from the PMMA wall
fire cause tearing and separation of the perforated face of this material from
the underlying honeycomb. By 18 minutes after ignition, when wall fire flames
are just impinging on the ceii ing, the perforated face is torn across the full

I l l I ' l - I I I-I I I i- I



width of the channel for a distance of 61 cm from the end wall and blisters in
the face material appear for a distance of 116 cm. Separation of the face mate-
rial from the honeycomb occurs over the entire, 2.4 m ceiling length by about
24 minutes after ignition, when flame length is only some 30 cm. However,
flame spread due to ceiling combustion does not occur for this ceiling material.
Flame lengths under the ceiling are roughly the same as for the other flat air-
craft materials or for the inert ceiling (see Figure 3).

2.2.3.5 PMMA Ceiling. The flame spread process under a PMMA ceiling, with the
usual, PU'\ wall fire initiation, is described by measured flame lengths pro-

vided in Table A-9 as a function of time after ignition. It is evident from
Table A-9 that about 18.4 minutes after ignition, self-sustained flame spread
begins to occur over the P~1 2A ceiling surface. Flame lengths then grow almost
linearly with time (see Figure 3) at a rate of about 1.95 cm/s (regression co-
efficient of 0.92) until flame reaches the outlet-end of the channel less than
20 minutes after ignition. During this spread process, a leading portion of
flame appears to be quite thin, with detached, weakly luminous flamelets well
downstream from this thin flame region. Upstream of the thin flame region,
cellular combustion takes place, resulting in a much thicker flame zone. This
cellular flame reaches the outlet-end of the channel 7 to 12 s after the arrival
of the leading portion of flame. A cellular flame zone then fills the entire
ceiling channel. Spillage of some flame from below the 0.23 m deep side-walls
of the channel necessitates fire extinguishment about 21 minutes after ignition.

It was found that during the 164 s period from the onset of ceiling combustion
(as evidenced by increased flame length compared to the inert case) until fire
extinguishment, the ceiling pyrolysis zone propagated a distance of only 115 cm
from the end wall. The average pyrolysis zone spread rate during this interval
was thus about 0.7 cm/s, compared to a flame spread rate of 1.95 cm/s. Clearly,
there was significant flame extension beyond the pyrolysis zone for this case
of ceiling fire spread.

''he problem of fire spillage from the ceiling channel was solved for a final
experiment with a steadily burning PM LX ceiling by the addition of a 0.152 m
ceramic paper extension to the 0.23 m deep ceiling side-walls, as shown in
Figure 2. During this experiment, the cellular flame zone was observed to be
about 76 mm above the bottom edge of the ceramic paper, which coincided with
the extent of ceramic paper blackening seen after the fire. Total flame zone
thickness during the steady burning process was, thus, about 0.305 m.

2.2.4 TEMPERATURE AND RADIATION MEASUREMENTS. Data on ceiling and gas tempera-
tures, thermal radiation and heat flux obtained during the full-scale tests
appear in Tables A-10 through A-16. Measurements are provided as a function
of time from ignition for thermocouples (prefix "A"), narrow angle radiometers
(prefix "B"), an infrared absorption meter (prefix "C") and wide angle heat
flux gages (prefix "D"). In Table A-16, the time-averaged values of instrument
outputs are given for the period of steady burning. Further details on instru-
ment locations appear in Table 2. Instruments which malfunction during an ex-
periment are shown with invalid outputs deleted.



Examination ot Fable A-11 shows thaL the peaik heat flux to tile inert ceil-
ing at a horizontal distance of 1.82 -1 from the PtDl\ exposure fire is about
2 W/cm 2 a little more than 43 minutes after ignition. rhis flux is reduced
to about 1.2 Wl/cnv at W1l minutes after ignition. As shown in 'able A-10, the
ceiling heat flux gage (D') is not initially Croed for the first test but the
corrected measured flux to tile ceiling 30 minutes after ignition is in good
agrecement with that from the subsequeot test.

2.3 EXPERIMENTAI. RESULTS: MODEL TES'IS

Results trom the elevated pressure experiments are presented in Figures 4
through 18. These figures contain correlations of data on a given material for
all pressures, includ tug one atmosphere wheii relevant. Corrections or the test
pressure are made in accordance with pressure model ing requirements -, so that
good correlation of data is an indication of modeling success. it should be
noted, however, that tlie time origin fr many elevated pressure experiments has
been shifted to icid tile best possibk i dat,' correlat ion during the initial.
stages of ceiling fire spreLad.

2.3.1 CEILING FIRE SI'READ. lecausL aLI characteristic lengths are reduced as
(p/p )--T- and all characteristic sot id phase burning times are reduced as
(p/po)- /3 in the pressure modeling scheme,I,12 the quantities xf (p/po)2/3 and
t(p/po)4!3 should be independent of air pressuIre and result in correlation of
data on ceiling flame length, xf, at any absolute pressure, p twhere p0 is the
ambient atmospheric pressure) as a tun ction of timc, t, after ignition.
Figures 4 through 8 demonstrate this orreltation technique for tile five dif-
ferent ceiling materials. In Figures 4 and 8, the resuLts from the full-scale
exper iments are seen to be in reasonable agreement with model results for the
lowest air pressures of 11.2 and 21.4 atmospheres. A clear divergence from
full-scale behavior is seen to occur, however, when the highest air pressure
of 31.b atmospheres Is utili. ed in the model experiments.

'The maximum value of x (p/po) 2/3 for complete fire spread to the end of the
ceiling is 2.4 m, the length of the full-scale channel. This value is
attained for all the elevated pressure, model experiments with PMhIA as well as
with the three aircraft materials. However, measuarements of xf(p/p)2/3

* .f(,/po 2/3are
not always available at elevated pressure, due to obstruction of the camera
mirrored field of view by a radiometer. This radiometer interference begins
at xf(p/po)2/3 equal to about 1.8 m. In Figure 8, rmeasarements of flame tip -

position at the end of the channel are shown for tests at 31.6 atmospheres.
Tlhee data correspond to direct camera views of the beginning of flame outflow
from the c hannel structure.

Use of the pressure modeling correction for the three aircraft materials,
as shown in Figures 5, u and 7, results in a good correlation of model results
for materials No. 221 and 234 but only a rough correlation for the B8811 material.
It should be noted that complete flame spread over the full-scale aircraft
cc ililtgs does not occur. Ile complcte flame spread over the model ceilings is
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enhanced by the unimportance of radiative heat loss from hot char layers at
elevated pressure and by the use of full-scale ceiling thickness in the models,
which provides more fuel than required by the modeling scheme.

For aircraft material No. 223, complete flame spread at elevated pressure occurs
only after the perforated surface layer melts and zags, allowing the underlying
honeycomb to be exposed.

2.3.2 CEILING FIRE RADIANCE. As explained in references 1 and 12, the pressure
modeling scheme results in the preservation of the product of convective heat
flux and length-scale (proportional to Nusselt Number since gas temperatures
are preserved). With all length scales proportional to p- 2/, this means that
the product, p-2/3 , times convective heat flux, should be independent of air
pressure. All heat fluxes, whether convective or radiative, must be consistent
with this requirement to insure complete modeling success. Since solid angles
and eometric view factors are preserved when all length scales are reduced ab
p- 2/, the radiance, N, of ceiling layer gas and ceiling surface should exhibit
the same behavior as convective flux. As a result, N(p/po)-2 /3 should be inde-
pendent of air pressure.

The pressure corrections derived above for radiance, N, as a function of
time, t, from ignition are applied in Figures 9 through 13 to measurements for
the five ceiling materials. Agreement with full-scale results is satisfactory
for tests at 11.2 atmospheres with inert and PMMA ceilings. At higher ambient
pressures for these two ceiling materials, there is clearly not good correlation
with transient, one-atmosphere data.

Radiance measurements from model tests with inert ceilings at pressures
of 21.4 and 31.6 atmospheres diverge from the one-atmosphere and l.2-atmos-
phere results as the ceiling surface temperature increases with increasing test
time. The radiance of the hot ceiling, which is nearly independent of pressure,
dominates the radiometer output in the absence of flame or dense smoke. Pres-
sure modeling of this ceiling surface radiance is not possible since N(p/po)-2/3 ,
not N, should be independent of pressure.

Table A-16 shows that the steady-state value of ceilin layer radiance
for a full-scale test with a PMMA ceiling is 6.43 kW/m sr. Comparison of this
full-scale measurement with the model results in Figure 13 indicates excellent
agreement for test pressures of 11.2 and 21.4 atmospheres. For the steadily
burning PMMA ceiling, success in modeling ceiling layer radiance is probably
due to the dominant effect of flame radiation over ceiling surface radiation,
although even flame radiation will cease to be modeled at a sufficiently high
pressure. The measured radiance at 31.6 atmospheres does not, in fact, model
the full-scale value, apparently due to radiant saturation of the flame, since
the peak radiance at this pressure is identical to that at 21.4 atmospheres. A
similar behavior characteristic of radiant saturation is exhibited by all the
Sirc-ral-t nater iaLs at 11 .6 atmospheres (see Table 4 in Sec. 2.5)
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Correlation of radiance measurements tor the three aircraft materials is
affected by three factors: 1) the lack of modeling of the flame spread process;
2) the use of a constant material thickness, which leads to an improperly
modeled total fire duration; and 3) the limited radiometer response time of
about 1.5-2 s. The Last factor, which is also relevant for the PMMA ceiling,
means that the increase in radiant output cannot be followed accurately during
flame front transit at elevated pressure across the roughly 1.3 cm sensing area
of the radiometer. Flame transit times at elevated pressures will typically
be from 0.1 to 1.0 s.

2.3.3 WALL-CEILING BURNING RATE. By replacing the Nusselt Number with the
Sherwood Number, it can be shown' 2 ,1 4 that the product of fuel mass flux and a
characteristic length scale should be preserved by the pressure modeling scheme.
With all length scales proportional to p-2/3, the fuel mass flux will be pro-
portional to p4 /3 times the total mass loss rate, xiI. The product of fuel mass
flux and length scale is then proportional to ii p2 /3, which should be independent

of air pressure.

The pressure-corrected mass-loss rate, ri(p/po) 2 / 3 , is shown in Figures 14
through 18 as a function of pressure-corrected time from ignition. Tests at
all three elevated ambient pressures with each of the five ceiling materials
are included. In these figures, i represents the mass loss rate of both the
channel end-wall and the ceiling, as obtained from a fourth order polynomial
regression to the load-cell readings.

The mass loss rate (equal to burning rate in the absence of soot production)
shown in Figure 14 corresponds to a measurement for the burning PMMA wall alone,
since the ceiling is inert. Correlation of the mass loss rate data in Figure 14
leads to prediction of a steady, full-scale wall burning rate of 4-6 g/s at
1200-1600 s after ignition. Measured wall burning rates, given in Table A-3,
of 1.44 to 2.55 g/s are far less than the above steady values predicted by
modeling. However, a steady-state condition is not achieved until 2640 s at

full scale and measurements correspond to only about 1/3 to 1/2 of this test
time. At equivalent tines in the model, full-scale burning rates are predicted
to be 2 to 4 g/s.

Good correlation of data is obtained for the case of a PMRA ceiling in Figure 18.
As noted previously, use of a constant thickness for the aircraft materials
results in improper modeling of total fuel quantities, which affects the

modeling of peak burning rates. For this reason, burning rates and fire
durations at the highest ambient pressures are greater than expected, as shown

in Figures 15-17.

2.4 ANALYSIS OF MODELING RESULTS

The significance of the preceding data correlations can be better understood
by analyzing the dependence of flame heat transfer rates on ambient air pressure.
Such an analysis will clarify the problems involved in pressure modeling ceiling

flame spread and ceiling fir, radiant heat loss.
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2.4.1 HEAT FLUX TO CEILING. The net heat flux, 4", to an inert or fuel ceiling
is given by the following expression, previously derived by Orloff et al1 5 for
the case of a steadily burning wall. fire and used by Alpert1 for the case of
upward fire spread:

", = (3 T4 [l-exp(-kL') ] - 'o T4 + "
g s c

where 14 is the actual mean beam length at absolute pressure, p, and the remain-
ing symbols are defined in the nomenclature. The constant, a, is taken to be
1.0 for steady burning and 0.5 for a spreading fire when Ts is the pyrolysis
temperature of the ceiling material. During fire spread across the channel
ceiling, the convective heat flux, 4", as well as the flame radiative properties
are influenced by external factors such as the imposed flow from the PMMA wall
fire, the conditions at the channel exit and by thermal radiation from the
channel side-walls. These factors will be ignored here to simplify the analysis.
Instead, conditions typical of PMMA wall fires will be assumed in order to
obtain approximations for Tg, k and 4q during the ceiling fire.

As shown in reference 17, gas temperature, Tg, is found to be preserved
at elevated pressure while absorption coefficient, k, is found to increase in
wall fires as the 4/3 power of pressure. An increase in k at least proportional
to pressure is expected if the ratio of fuel mass fraction converted to soot
to the density of a soot particle is independent of pressure. Small increases
in soot fraction with pressure could then give the result, k-ko(p/pe) 4 /3. The
convective heat flux in 1M1A wall fires is found 15 to be about 5.5 kW/m2 at one
atmosphere. It is assumed here that this flux is accurately pressure modeled,
leading to the quantity,,/!",p-2/3 being independent of ambient pressure. As aresult, q" ;: 5.5 (p/po)-/ kW/m 2 .

Ihe radiation mean beam length, L', in the ceiling channel, will be reduced
as P-2/3 together with all other length scales. This quantity can, therefore,
be expressed as 14= hl (p/po)-2/3, where Lm is the mean bea length at one
atmosphere.

With the preceding assumptions used in equation (1), the heat flux to the
channel ceiling becomes:

ll" = '1T4 [1-exp (-k L (p/p - oT4 + 5.5 (2)

2.4.2 FLAME SPREAD. The rate of flame spread under a combustible ceiling
should be inversely proportional to the time, At, required to heat the ceiling
to its pyrolysis temperature, Ts, from an initial temperature of T,,. For a
thermally thick fuel,

At FC\(T-., 2/"12 (3)

where C'X is the product of fuel density, specific heat and thermal conductivity
and where 4,,2 is given by equation (L).



Thus, spread rates across thermally thick fuels are directly proportional to
the square of the net heat flux to the fuel. The pressure dependence of
this quantity is examined in Figure 19. In this figure, 4"2 (p/po)-4/3 should
be independent of ambint air pressure, according to the modeling scheme, and
equal to the value, 4" , at one atmosphere, or full-scale. Clearly, such is
not always the case. The variation of pressure-corrected heat flux is es-
peCially large for k L greater than about 0.17.

0 mn

An estimate of the mean beam length for a fire in the ceiling channel
cani be obtained from reference 18, where it is shown that

1, 1.75 Wd/(W+d) (4)

In equation (4), W is the width of the flame volume (the channel width of
0.46 m) and d is the flame depth (at most the 0.23 m depth of the channel
side-walls). The maximum value of Lm for a ceiling channel filled with flame is
then, from equation (4), Lm= 0.267 m. If the flame absorption coefficient is
typical of PMMA, then ko = 1.3 to 1.5 m

- I from references 19 and 20. The
resultant value for koLm , about 0.4, is seen in Figure 19 to lead to significant
error: in pressure modeling in the 20- to 30-atmosphere range, since the squared
net heat flux to the ceiling after pressure correction will be only about 20%
of that at one atmosphere. On the other hand, koLm at a I m elevation on a
0.3 m wide PMMA wall fire (flame thickness about 0.07 m) is only 0.13 to 0.15,
leading to a pressure-corrected, squared net heat flux to the wall nearly 80%
of the full-scale value. Pressure modeling of fire spread should, thus, be
more succpzsful for I m high walls than for ceilings in a long, channel con-
figuration. This explains why correlation of fire spread data for a PMMA
ceiling in Figure 8 is not as good as the correlations for PMMA wall fire
spread in reference 1.

Figure 19 also shows that the occurrence of fuel charring, which tends to
elevate surface temperatures, can result in squared heat fluxes to the fuel at
10 to 30 atmospheres which are much greater than those at one atmosphere, even
after the appropriate pressure corrections are applied. These increased heat
fluxes can explain why complete fire spread occurs for all aircraft ceilings
at elevated pressures but not at one atmosphere. Such behavior is basically
due to the fact that radiant heat loss from fuel surfaces at elevated pressure
(but not at one atmosphere) is generally insignificant compared to flame
radiative feedback to the fuel. This same insignificance of solid surface
radiant heat loss at elevated pressures is probably responsible for the lack of
modeling of flame lengths under the inert ceiling, as shown in Figure 4. It is
radiant heating of the PMMA wall fire by the hot ceiling which causes the in-
creases in flame length under the ceiling.

2.4.2 RADIANCE. The radiance, N, of both the hot gases in the ceiling channel
and the ceiling surface itself along a ray normal to the ceiling is given by

11
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the following expression:

aT 44 4
N = -71- [1 - (1-T /T ) exp(-kd')] (5)

7r S g

where d' is the actual depth of ceiling layer gases at any absolute pressure,
p. Equation (5) is applicable to wall ires as well as ceiling fires. In
terms of quantities at one atmosphere, or full-scale, equation (5) becomes:

N T- [I- (1-T /Tg) exp(-kd(p/p) 2 /3  (6)

As noted previously, the quantity, N(p/po) -2 /3 , should be independent of air
pressure in the modeling scheme. The plots of ceiling layer radiance in
Figure 20, which are obtained from equation (6), show that this modeling con-
dition is not satisfied, even after the pressure correction, (p/po)-2/3 is
applied. In this figure, kod = 0.076 is typical of a 5 cm layer thickness or
a 0.81 m elevation on a PMMA wall fire, while kod = 0.34 is the maximum value
expected for a PMMA ceiling above a 23 cm deep channel filled with flame.

Clearly, the radiance of either a burning wall or a burning ceiling at elevited
pressure will be far less than the equivalent value at one atmosphere. On the
basis of the plots in Figure 20, ceiling layer radiance measured at 10 to 30
atmospheres will be only 1/2 to 1/3 the respective values predicted by modeling
theory for a given, full-scale radiance measurement. Such errors are reduced
somewhat, as shown in Figure 20, if the radiance measurement is due mainly to
the hot gas layer and not a hot ceiling surface. This effect can be seen in
Figure 9, where radiance measurements obtained at elevated pressure diverge
from the corresponding, full-scale values as the inert ceiling surface heats
up and becomes an important factor in the ceiling layer radiance.

2.5 COMPARISON OF CEILING FIRE GROWTH

The data obtained at elevated pressures on flame length, radiance, and fuel
mass loss for all five ceiling materials have been matched to both exponential
and linear, (least squares) regression fits. Generally, exponential and linear
data fits are about equally good, with regression coefficients ranging between
0.88 and 0.96.

Table 3 lists the exponential growth factors resulting from regression fits to
the flame length, fuel mass loss and ceiling layer radiance. A fit for the
data on xf proportional to eYt implies a flame spread velocity, Vf, given by

dxf
vf =-- = x~f

The exponential growth factor, y, Ls thus the ratio, Vf/xf. Similarly, exponen-

tial fits to the mass loss, Am, and radiance data yield r/Am and &/N.

I
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TABLE 3.-CEILING FIRE EXPONENTIAL GROWTH FACTORS

Ceiling Flame Spread Mass Loss Radiance-l /N -11
Material Vf/xf [-1s ]h/Am (s- I 9N [s

p/po= 11.2
0

Inert 0.046 0.056 0.12

PMMA 0.40 0.079 0.36

No. B8811 0.44 0.082 0.53

No. 223 0.34 0.10 0.74

No. 234 0.13 0.057 0.195

p/1o) 21.4

Inert 0.073 0.0745 0.25

PMMA N.A. 0.099 0.66

No. B8811 0.54 0.12 0.75

No. 223 0.645 0.15 0.85

No. 234 0.245 0.082 0.31

p/p 31.6

Inert 0.032 0.062 0.32

PMMA 0.82 0.10 1.13

No. B8811 0.52 0.14 0.86

No. 223 0.92 0.22 1.77

No. 234 0.38 0.071 0.50

N.A. = not available duc to camera malfunction



Trable 3 shows that aircraft material No. 234 behaves similarly to the inert
material as far as mass loss and radiance are concerned but has a flame spread
rate about three times that of the inert material. The remaining three mate-
rials, including PMMA, have much larger growth factors than material No. 234
at all elevated pressures. Of the three materials with the higher growth
factors, values of y are nearly always largest for aircraft material No. 223
with respect to flame spread, mass loss, and radiance.

Peak values of mass loss rate and radiance are listed in Table 4 for the
elevated pressure experiments. Peak flame lengths are not listed since flame
spread is complete to the end of the channel for all except the inert material.
As with the growth factors in Table 3, the materials can be roughly ranked in
the following order of increasing peak mass loss rate or peak radiance at all
elevated pressures:

I. [nert
2. No. 234

3. No. B8811

-4. P 2IA
5. No. 223

with the last three materials exhibiting very similar peak mass loss and
radiance behavior.



TABLE 4.-MAXIMUM MASS LOSS RATE AND RADIANCE OF CEILING FIRES

Ceiling Peak Mass Loss Rate Peak Radiance

Material th [g/s] N [W/cm 2sr]max max

p/po= 11.2

Inert >0.9 >0.37

PMMA >3.2 3.0

No. B8811 2.5 4.1

No. 223 3.5 3.3

No. 234 >1.6 >1.15

p/po= 21.4

Inert 0.77 >0.69

PMMA 1.9 5.5

No. B8811 1.5 4.8

No. 223 2.25 6.5

No. 234 1.0 2.5

p/po= 31.6

Inert 0.71 0.64

PMMA 1.55 5.5

No. B8811 1.4 5.1

No. 223 2.55 5.75

No. 234 0.77 2.56

>= experiment time insufficient to determine maximum value
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ANALYTICAL MODEIING OF THERMAL RADIATION FROM LON(G CLILING CIANNELS

Flows of flaming gases or combustion products in a long ceiling channel, such as
that iiL an aircraft cabin, can undergo significant tcmperature variations with
distance from one end of the ceiling to the other. Such variations in gas
temperature along the length of the channel can be due to radiant heat loss to
the cooler floor area or to conduction losses to the ceiling surface. If there
are ventilation openings in the channel configuration permitting hot gas out-
flow and cool air inflow, mixing of outflow with inflow may occur, leading to
reduced gas temperatures near the opening. On the other hand, combustible
ceilings or wall fire impingement on the ceiling will lead to elevated gas

temperatures.

A mathematical formulation is developed here to calculate thermal radiation
from ceiling layers with temperatures and absorption coefficients nonuniform
in three dimensions. This is a generalization of the methods described for
uniform ceiling layers 2 1 and for ceiling layers with properties varying in
the vertical direction only 2 2 . Some simplified methods of calculating the prob-
lem are then tried and compared with the exact numerical procedure to evaluate

the accuracy of various approximations.

3.1 MATHEMATICAL FORMULATION

Temperatures and absorption coefficients in the ceiling layer are assumed to be
known functions of the three spatial coordinates x, y and z:

T = T(x,y,z)
k = k(x,y,z)

The one dimensional equation of radiative transfer for the radiance, N, (power
per unit area per unit solid angle) along a ray of path length, Z, in the ceiling
layer which is in thermodynamic equilibrium is,

dN(Z) = k(Z) a T( ) 4 
- k(i.) N(Z) (7)R T(r

d9.

where o is the Stefan-Boltzmann constant. For rays viewing the enclosure sur-

faces bounding the ceiling layer, the boundary condition is:

T4

s at Z=0 (8)

Black N I.) oe

Surface at T NMQ Lower
s Edge of Ceiling

Layer at

I-D Coordinate System Used in Equation (7) Close to Target

.... ~~~~~~~~~~~~ 1 . ... _H. -! ! |.. .... .



Integrating equation (7) using (8) over the path length Zo through the

ceiling layer yields

Z 4o 4o o T4 (9k.) aTs

N(Z ) expi- f k(QZ)dZI t f ()k(Z) exp[f k(u)du]dk + s (9)
o 0 0 0

This can be re-written as

o 4o aT o
N("o) = - f T (Z)k(V) exp[- f k(u)du]dZ + --- exp[- f k(Z)dk] (10)

0 21 01 0

The radiative flux q", from the ceiling layer and enclosure surfaces to a dif-

ferential target surface element is given by:

N (n • r )" = F- d2 (11)
r

0

where (n • ro ) > 0 and n is the unit normal to the target element with direction

cosines u, v and w; ro is the radius vector along the line of sight (ray) to

the far edge of the ceiling layer; (" -o) represent the dot product (> 0)
of the two vectors; and d) is the elemental solid angle subtended at the target

element. The integration is performed over all solid angles with (n • to) 0

which includes the ceiling layer.

The path length Q can be written in cylindrical coordinates as

for all , H-< z < z < H2

where z0 is the vertical coordinate of th/ ray at the far edge of the ceiling

layer; H1 and H2 are the vertical coordinates of the lower and upper edges of
the ceiling layer respectively; 0 and are the polar and azimuthal angles
respectively; z is the vertical coordinate at Z. The origin z=O is at the target.

It is assumed that the region below the ceiling layer is transparent.

To transform equation (ii) into cylindrical coordinates we use the following

three relationships:

0 Z < z0  z > H
- -o 0- -2
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for any function f;

z0H I  H I  z0H 0 ~,O d f f(z,0,cp) dz
R1 d f(Z"e,4 dz f(04

f()dZ = f f(z,O,4) jz dz = cose cos

0 z z0  H 1

and in particular

0 k(s,0,4) d
fk(u)du = fds

2.iH cosc

and also dQ = sin6d~d0

So the flux received by the target can be written as

z0  z1/2 21 (nr 0 ) T(z,8, )k(z,e, ) exp[- f k(s dsdzdd
"= _f I - sino f 'x[ ds " "

e= r cosO cose6=0 i=0 o z=H H.

T4  11/2 2H (r) 0 k(sO,_p_

+fexp(- f ds)dPdO
0=0 =0 0 H

-+ -*.

where "*" indicates that (nr )> 0.
-~O --

Now (n'r )/r = u sinOcos4 + v sin~sinp + w cos6

as n = i u + jv + kw

-t -*

r = r 0(i sin~cosp + j sin~sin4 + k cos6)

In order to simplify the preceding computations, it is convenient to divide the

enclosure into box-like sections as in Figures 21A and 21B such that the target

is located at a corner of each section. The flux reaching the target will be

the sum from all sections and each section flux is computed independently of
others. Limits of integration are found for a typical section in the following

7Lscussion.
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FIG. 21A Elevation, end and plan views of enclosure of length-L x breadth-B x
height-H 2 . The target is located on the floor of the enclosure. The lower edge
of the ceiling layer is at a height HI above the target surface. Also shown are
the four rectangular parallelepipeds (boxes) used to calculate the radiative flux
from the ceiling layer to the target element. The target' is at one corner of each
rectangular parallelepiped. The ceiling layer in rectangular parallelepiped No. 1
of length-b x breadth-a x height-H2 is shown by the cross-hatched region in each
view, (b > a). This figir' i.s from reference 21.
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FIG.21B Detail of elevation, end and plan views of rectangular parallelepiped
No. 1 of length-b x breadth-a x height-H2. The lower edge of the ceiling layer
is at a height H1 above the target surface. The target is at one corner of the
rectangular parallelepiped. In this particular case the target normal is shown
to coincide with the z-axis. The origin of a Cartesian and a spherical polar

coordinate system is located at the target element. 0 and 4 are the polar and
azimuthal angles respectively for the spherical polar coo'rdinate system. The
rectangular coordinate axes are selected such that b > a. This figure is from

Fc ercn', 21.



It is assumed that the absorption coefficient below the ceiling layer is
zero, so that contributions from this region do not influence the results. This
fact, together with the target direction and the section boundarie2, determine
the limits. Since each section flux is computed independently, direction cosines
of target normal are to be redefined for each section, according to the section
coordinate setup.

The flux from one section is given by:

tan H u

7T -sine (u sinecos + v sin~sin + w cosa)

Z)4z4 tan -l( r- _.___ *7T~~ e=(6)(
Z0 T 4(a,0,')k(zO,) ( k(s,8,4) ds) + t an H

z=H cosa CsO ds) pO+

z0

k(s ,0,) ds) sin6(u sin~coso + v sin~sin + w cosO)dpdO (12)H1 - cosaHI

where "*" indicates 0 and ¢ such that (u sinecos + v sinesine + w cosa) > 0.
and where a is the width of the section

b is the length of the section
H the lower edge of the ceiling layer measured up from the

height of the target
H2 the upper edge of the ceiling layer or the height of the

enclosure measured up from the target

Z(0)=O u (0)= ff/2 for 0 < 0 < tan-1 (a/H1 )

.-1 a -l -

4 (0)=0 ) u (0)= sin -1( ) for tan-( a)<O<tan- (b/H1 )

-1 b -1 a -lb ____£(0)=cos ( ), u(0)=sin ( ) for tan ( -)<O<tan (- )
HtnH u 1 H I

zo = H? for 0 < e < tan- (a/H2 )

zo = minimum of ( H for tan-( )<6<tan-1(o tan~cos 2 fo ta 2-<~a H,

, 2,1

1 .... t a n .. |.
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mii i-ium o.) I<,a -I a+bn <. t n s in: H HI

-i atan (-) <i (Ps)

2 A' I' ROX LI'\I'E St).L'TI UN

An analytic alpproxiimation lor he above numerical formulation is available

when the enclosure bounding the gas Laver is a rectangular parallelepiped, tem-
pIerature and absorption coefficient are uniform and the target surface is
parallel to the ceiiin. layer, as showi in reference 21. When properties change
MII%, in the vertical (z) direction, this analytic tcchnique is modified some-
what by usc of an equivalent layer temperature, i' , and absorption coefficient,
k, de fined in reLeince 22 as foltows:

it,

T . z)kz)l2  .[ k(z)dz dzUJ
0tt 0

- -3 k(z)dz (13

if i

tf."3  J- k L,(13)

2
k ('I - T ) 7 k(z)dz/ . ('(z) - T.)dz (14)

0 0

where T (T ) and E', 1K are tile second and third exponential integrals,
respectively.

A layer depth, fl,,- It is defined by:

i

H 2 - it t (T(z) - To)dz/(T - T ) (15)

The equivalent radiant properties, defined above, can then be used to
compute the radiative flux, j", to a target at the corner of one of the four
rectangular parallelepipeds in the enclosure (see Figure 21) by means of the
following analytic approximation developed in reference 21:

4~ Tl(----)x(k ) (16)
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2 ab (112 - H1)
m (U 2- Hi) (a+b) + ab

and V a tan- b j +2  b tan-' lf
+H aAT-+ /H I + bz[' + b '

1 1

and layer depth, H 2 - H is given by equation (15).

An approximation technique would be valuable in the case of a smoke layer with
three-dimensional variations in both temperature and absorption coefficient,
since huge amounts of computation time are needed to calculate radiative flux
with purely numerical methods. To determine the accuracy of such a simplified
calculation procedure, a specific ceiling layer with the largest temperature
gradients which might exist (during an aircraft cabin fire) is examined. As
shown in Figure 22, the temperature distribution assumed for the gas layer is a
linear function with respect to height, z, and length, x, and constant with
respect to width, y. Radiation from the ceiling surface is neglected and the
absorption coefficient is taken as constant to see effects of gas temperature
more clearly.

Results of several calculation procedures with the assumed temperature profile
are shown in Table 5 for an upward facing target 1 m below the bottom of a I m
thick layer at the mid-length point while Table 6 pertains to a target at one
end of the layer. In the first raw of Tables 5 and 6 are the exact numerical
solutions for absorption coefficients of 1.2 m- 1 and 0.5 m-1 . The second row
of Table 5 gives a simplified numerical result obtained by assuming thaL the
vertical distribution of temperature at the target location (xT,Y..) is the same
distribution in z at all x,v locations in the gas layer. Result- in the third
and last rows of Table 5 are obtained by the analytic method 2 2  discussed
above, with the equivalent temperature, T4 , derived from the vertical temper-
ature distribution at the target location alone.

For the present example, the analytic method is seen to be very accurate when
the target is below the center of the layer. However, Table 6 shows that the
analytic method overestimates the radiant flux by 13 to 15% when the target is
below one end of a layer. The latter case is a rather stringent test of the
analytic approximation since a real gas layer would not normally have an abrupt
end, with no further contribution to the target radiant flux from a burning
end-wall or outflow region. It is also seen from Tables 5 and 6 that the
accuracy of the approximation technique will not be significantly affected by
the magnitude of the gas absorption coefficient.

3.3 APPLICATION TO FULL-SCALE TEST RESULTS

The preceding techniques can be used to examine the self-consistency of the
temperature and heat flux measuremenLs made during the full-scale ceiling
channel tests. Measured values of radiance and of radiant flux are compared

48



18000K

Tegho ae

1e000K tur 
BOflOsKawe ob nfomaogbeat flyr

FIGUR 22 BSCrPRTR ITIUINUE O ACLTDRSLSI ALS5A4

Thick-

n ss4T



TABLE 5.-RADIANT FLUX TO TARGET LOCATED BELOW CENTER OF LAYER

Layer Kind of Temp. Distn. Kind of Flux in [W/cm 2 ] for

Dimensions Approximation T(x,y,z) Computation Absorption Coefficient

[m] [K] k=1.3 [m- ] k=0.5 [m-

1) 30x4xl Nonw, 200-33.33x Numerical 2.11 1.7

HI= 1 +800z

2) Local Vertical -300+800z Numerical 2.08 1.68

Distribution

for all x,y

3) For all x,,z 844.4 Analytical 2.09

T4= T
4

k = 1.3

Temperature

Distribution

of Line 2

4) For all x,y,z 916.45 Analytical 1.69
4 4
T= T

k =0.5

Temperature

Distribution

of Line 2



TABLE 6.-RADIANT FLUX TO TARGET LOCATED BELOW END OF LAYER

Layer Kind of Temp. Distn. Kind of Flux in [Wlcui 2] for

Dimensions Approximation T(x,y,z) Computation Absorption Coefficient

Ini] [K] k=1.3 [m- 1 k=0.5 [m I
1) 30x4xl None 2 00-33.33x Numerical 5.44 3.90

H1 + 800z

2) For all x,y,z 1311.93 Analytical 6.13

-k = 1. 3

using local

vertical

distribution

3) For all x,y,z 1386.7 Analytical 4.49
4 4

k=0. 5

using local

vert ical

distributiun

4) IOx4xl None 20 0-100x Numerical 4.54 3.18

1{~ 1 8007



with values computed from temperature distributions inferred and extrapolated
from the experimental data. Three cases are examined: tests with an inert
ceiling; a spreading fire under a PMMA ceiling and a steadily burning PMMA
ceiling. Data for the inert ceiling are obtained from Table A-ll for a quasi-
steady period just before extinguishment at 2700 s. Table A-15 is used for the
spreading PPMA fire, at a time after ignition of 1257.6 s (extinguishment about
5 s thereafter), while Table A-16 contains the data on the steadily burning
P MA fire.

3.3.1 DISTRIBUTION OF PROPERTIES. The positions of the thermocouples, absorp-
tion coefficient instrument and radiometers are shown in Figure 2. With the
data from these instruments and the following assumptions, temperature and
absorption coefficient distributions for the whole ceiling layer are found.

Assumption 1. All properties do not vary along the width (y direction);
i.e., P(x, YI, z) = P(x, y2, z) for all y1 and y2 "

Assumption 2. Propurties vary along the length (x direction) exactly the same
way at all heights. Similarly the variation along the height is the same at all
lengths;
i.e., P(Xl Y, zt) - P(X1 , y, z2) P(x2, y, Zl) - P(X2, y, z2)

for all x,, x2, Z1, z2.

So, if P (z) = b + bI z + b2 z
2 + b3 z

3 at x x

2 3
and P1 (x) = a + a1 x + a2 x + a3 x at z = z iZ1  O

a two dimensional distribution satisfying the requirements is

2 3
P(x,z) = C + aI x + a 2 x + a 3 x

+ b + 2 3 + b 3 z 3

where C = P * + (b- P (z))+ a - P  (x))

P* = Actual Property P at (xl,zI) (ideal or observed value).

Since there is only one set of thermocouples along the height and another set
along the length, polynomial fits of the observed temperatures are made along
height and along length and combined as above to give a two-dimensional fit.
This temperature distribution is evaluated at extreme points to make sure that
the range of temperature is realistic.

As there is only one location where an absorption coefficient is measured,
information on absorption coefficient is limited. The measured value is ob-



tained very near the ceiling. For both cases where the ceiling is burning P.MMA,
the absorption coefficient, which is influenced by the PMMA fuel vapor, is
found to be 3.5 m-I . Since the absorption coefficient for a P MMA flame is known
to be about 1.55 m- 1 (from reference 19), an average value of 2.5 m- l is used
in one calculation. A fit for absorption coefficient over z, varying from 1.5
(where temperature is maximum) to 3.5 (where k is observed) is used in a second
calculation. The absorption coefficient is assumed to be constant with respect
to x and y.

3.3.2 ENCLOSURE APPROXIMATIONS. As shown in Figure 2, the burning part of the
end-wall does not extend to the ceiling and is narrower than the ceiling. How-
ever, the calculations are done assuming the whole .46 m wide end-wall is black,
and is at 636 K (the PMMA vaporization temperature). There is no wail at the
channel outlet. It is assumed that the ceiling is a black surface at a
measured temperature or at 636 K (for PMMA) above the layer and that a 300 K
temperature exists below the ceiling layer. There are side walls and they are
also assumed to be black and at the ceiling temperature insid the ceiling
layer and at 300 K (ambient) below it.

When the flux to the 90' angle Gardon radiometer is computed, only the
1.2-m length of ceiling which is visible to the radiometer is used. This layer
section is taken as a parallelepiped and not as a cone, which is actually seen
by the radiometer. The general numerical program can handle the cone structure
but the anilytic approximation does not.

3.3.3 COMPUTATION RESULTS. Fluxes to the total heat flux gage and the 90'
angle radiometer are computed using the numerical scheme described above and the
analytical scheme of reference 21. Results are listed in Tables 7 to 9 for
the three separate experiments. The computed fluxes are on the whole slightly
lower than the measured values, probably due to thermocouple radiation errors
giving somewhat lower than actual gas temperatures. On the other hand, computed
radiance is much higher than the observed value for the two PMMA ceiling fires,
perhaps due to changes in radiometer calibration. Although the measured out-
puts of both narrow angle radiometers (BI, B2) are generally self-consistent,
the slightly higher output of the parallel beam instrument (B2) is used for
comparison with the calculations in Tables 7 to 9.

Calculations have also been performed to determine if the measured PMMA wall mass
flux is consistent with the radiant flux level from the ceiling surface and gas
layer. For a vertical target on the burning PMMA wall surface during the quasi-
steady period of the second inert ceiling test (Table A-li), calculated radiant
fluxes transmitted through the PMMA flame15 vary from 0.31 W/cm 2 at 23 cm to
0.8 W/cm 2 at 69 cm above the ignition point. This radiant feedback should result
in a 31 to 62% increase, at these respective locations, in the total heat flux
to the fuel (see reference 15) compared to that for a wall burning in the open.
Corresponding increases in measured wall mass flux are somewhat lower, 23% to
44% (see Section 2.2.2) since the mass flux measurements represent a time-average
over the entire period of fire growth.
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3.4 USE OF THE APPROXIMATE RADIATION MODEL

When there are significant longitudinal and vertical gradients of temperature

and/or absorption coefficient in a ceiling layer, the radiant flux to floor

level can be computed reliably from the analytic model, as demonstrated by 
the

previous examples. An average temperature and absorption coefficient for use

in the analytic model are computed from equations (13) and (14) for the axial

Location in the enclosure corresponding to that of the target.

Normally, data on gas and surface temperatures are readily available 
but not

complete information on infrared absorption coefficient as a function of 
axial

position, x, and height z. It is noted in reference 22 that because the

radiative flux calculation is relatively insensitive to the exact value of

absorption coefficient, neglecting the molecular radiators, CO 2 and H2 0, intro-

duces little error. Consequently, it should be sufficient to assume that the

spacial variation of absorption coefficient within the layer is primarily due to

the dilution by ambient temperature air of constant density soot particles.

This dilution effect on absorption coefficient can be related simply to gas

temperatures by the following relation, explained in reference 22:

k(x,z) = (,_ T k (17)

where K0 and Lo are the measurements of gas absorption coefficient and gas tem-

i'Lcrature at a single, reference location and k(x,z) and T(x,z) are the corres-

poading quantities at any other axial or vertical position in the layer. This

relation will only be valid if tctal gas pressure is constant (the enclosure is

ventilated), gas specific heat is constant and the observed temperature distri-

bution is due to entrainment of cold ambient air into the layer. Significant

convective or radiative heat losses to the ceiling, side-walls, or to floor

level from the bottom of the layer will thus tend to introduce errors in the

k(z) obtained from equation (17). Use of equation (17) allows the distribution,

k(z), to be calculated from a single measurement of infrared absorption coef-

ficient and plentiful measurements of gas temperature.



IV
SUMM1ARY OF RESULTS

Experiments with full-scale and model ceiling channels exposed to a developing
PMRA wall fire yield three primary results:
1. Pressure modeling predictions of flame spread rates under a PMMA ceiling,

flame lengths under an inert ceiling and radiant heat loss from the gas
layer under both types of ceilings, based on the results of model tests at
elevated pressure, are in reasonable agreement with measurements obtained
at one atmosphere (full-scale). The behavior of three aircraft material
ceilings is not pressure modeled well since fire spread is complete at
elevated pressure but does not occur at one-atmosphere.

2. A simplified heat transfer analysis of the fire spread process shows that
pressure modeling is likely to be more successful when applied to thin
flame zones. For this reason, modeling predictions of fire growth will
be less accurate when applied to deep ceiling channels than to vertical walls.
One possible cause of modeling inaccuracy for the aircraft ceiling materials
is shown by the heat transfer analysis to be the elevated surface tempera-
tures associated with char formation. Another possible cause is shown to
be the excess of fuel and thermal insulation available at elevated pressures
due to the use of the same material thickness as at full-scale. In contrast,
the PMMA and inert ceiling thicknesses are able to be properly scaled in
accordance with the modeling requirements.

3. Exponential growth factors characterizing fire spread rates, mass loss rates
and radiant heat loss are determined for all model ceiling configurations
at each of three elevated air presst'res. Ceiling materials can be readily
grouped according to fire growth hazard with these exponential factors,
with such grouoing being roughly independent of pressure level.

A comprehensive analysis of radiation heat transfer from near-ceiling gas layers
yields three main results:
1. An exact, numerical solution technique is formulated for computing the

radiant flux toward the floor from hot gas layers generated by an aircraft
cabin fire. Arbitrary variations in gas temperature and absorption co-
efficient in all three dimensions are permitted and radiation from the
bounding wall and ceiling surfaces is taken into account.

2. Simplified analytic and numerical approximations are developed by assuming
that only gas radiation properties along a vertical ray directly above the
floor-level target are important. A single gas temperature and absorption
coefficient for use in an analytic radiant flux expression are obtained
from a suitable spatial average of this vertical property distribution.
Such an approximation is tested and found to be capable of closely re-
producing the exact numerical results, even when sharp, unrealistic changes
in gas layer properties are assumed.

3. 'hie radiation analyses are generally consistent with the experimental data
on full-scale ceiling layer temperature, absorption coefficient and radiant
heat loss. Predicted radiative enhancement of the full-scale PMMA wall fire
by ceiling layer heat is also consistent with the measured PMMhA mass flux
d istribution.
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TABLE A-i. UPWARD FLAME SPREAD ON PMMA WALL

TEST 6-10-80, INERT CEILING

Time Pyrolysis Height Flame Height

Is] [cm] [cm]

)9 10.5 21 .0

22: 14.5 23.5

4 16.0 31.0

20.0 33.0

461 26.0 37.0

4. F I8. 0 46.0

50.0 46.0

5; , 32.0 53.5

C "t/)8 .0

44.0 62.3

6,' ) 65.
696 42.0 60.3

6.3

(<77

(CC)

7 2 ,•. 4
7:) 1 ,,C,. 3*82

891 6.3 82.4

1. ' 82.4

80 67. 8) 84

82.4
8,-, (,65.9 78. Z

8o-

85,: 6(,5. -3 8 .

Flam Height . 10 1-3ts

2V).

8'9/ 1-

-" K). "- -

Eponentia1 rowth Factors: yrolysis Height 2.651 x 10 " [s -1

Flame I'eight 2.100 x 10- [s-I
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TABLE A-2. UPWARD FLAME SPREAD ON Pl4?4A WALL

TEST 6-19-80, INERT CEILING

Time Pyrolysis Height Flame Height

[s) [cm] [cm)
61 9.5 13.5

129 11.5 14.5
180 14.0 16.5

214 16.5 18.5

242 17.5 23.0

289 20.0 24.5

301 21.5 26.5

3-8 24.0 27.5

390 28.0 34.5

. 440 32.5 41.5

4 80 35.5 43.5
510 39.0 51.5

540 42.5 55.3
575 46.0 60.3

601 49.0 68.8

634 55.3 67.3

647 55.3 71.8

659 57.3 71.3

682 60.3 78.3

700 63.3 82.7

721 66.3 82.7

738 68.5

764 72.3

780 75.3

825 80.3
867 82.7

Exponential Growth Factors: Pyrolysis Height 2.759 x 10-
3  a-  I

Flame Height 3.001 x 10
- 3  [s - 1 ]
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TABLE A-3.-MASS LOSS RATE OF PMMA WALL

TEST 6-10-80, INERT CEILING

Height Above Ignition Mass Flux

[cm] (g/m2 s]

7.6 5.75

23 6.37

38 6.88

53 8.13

69 10.20

84 10.77

Extinguishment 1890 s after ignition.

From preceding mass flux data, average mass loss rate per unit
width of wall at 945 s after ignition is 7.22 g/ms

Assuming an average width of burning wall of 0.2 m, total wall mass loss
rate is 1.44 g/s

MASS LOSS RATE OF PMMA WALL

TEST 6-19-80, INERT CEILING

Height Above Ignition Mass Flux

[cm] [g/m2s]

7.6 7.21

23 7.66

38 8.23

53 9.37

69 11.60

84 12.70

Extinguishment 3577 s after ignition.

From preceding mass flux data, mass loss rate per unit width
of wall at 1788 a after ignition is 8.52 g/ms

Assuming an average width of burning wall of 0.3 m, total wall mass loss
rate is 2.55 g/s
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TABLE A-4. FLAME EXTENT UNDER INERT CEILINC

TEST 6-10-80

Time Flame Length
is] [cm]

954 0.0
1000 3.0
1050 0.0
1140 6.0
1200 6.0
1262 12.2
1319 21.4
1380 21.4
1413 24.4
1449 36.6
1470 42.7
1500 30.0
1530 33.6
1546 42.0
1549 36.6
1554 27.5
1564 36.6
1587 39.4
1594 45.8
1617 42.7
1627 36.6
1650 61.0
1680 45.8
1713 39.4
1750 51.9
1774 48.8
1800 55.7
1825 63.0
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TABLE A-5. FIA"E EXTENT UNDER INERT CEILING

TEST 6-19-80

Time Flame Length
[s] [cm]

1020 4.0
1080 10.0
1142 9.0
1200 15.0
1269 15.0
1320 20.0
1380 25.0
1440 25.0
1470 40.0
1514 40.0
1560 40.0
1622 50.0
1680 40.0
1735 50.0
1786 60.0
1788 55.0
1800 50.0
1841 60.0
1861 60.0
1894 65.0
1925 60.0
1950 55.0
1980 70.0
2003 75.0
2040 80.0
2100 98.0
2160 80.0
2221 68.0
2267 70.0
2325 80.0
2498 75.0
2556 128.0
2594 148.0
2664 120.0

.. 1



TABLE A-6. FLAME EXTENT UNDER NAFEC #234 CEILING

TEST 7-9-80

Time Flame Length Time Flame Length
[s] [cm] [s] [cm]

1143 0.0 1759 52.0
1232 18.0 1760 62.0
1271 18.0 1761 42.0
1272 24.0 1801 42.0
1324 24.0 1802 42.0
1358 30.0 1803 40.0
1359 35.0 1804 42.0
1360 35.0 1846 42.0
1394 35.0 1849 62.0
1398 42.0 1859 42.0
1461 20.0 1860 42.0
162 35.0 1928 50.0
1463 32.0 1929 55.0
1464 28.0 1930 49.0
1502 26.0 1931 43.0
1503 42.0 1932 57.0
1528 30.0 1992 57.0
1529 65.0 2002 42.0
1531 42.0 2003 67.0
1533 67.0 2004 55.0
1543 67.0 2132 57.0
1567 67.0 2133 60.0
1568 42.0 2134 56.0
1582 54.0 2156 56.0
1589 44.0 2137 55.0
1606 50.0 2198 57.0
1609 67.0 2199 60.0
1617 32.0 2200 56.0
1619 42.0 2201 67.0
1628 34.0 2240 55.0

1629 42.0 2242 57.0
1630 44.0 2287 56.5
1631 54.0 2288 60.0
1632 42.0 2290 67.0
1663 34.0
1664 39.0
1665 37.0
1666 A2.0
1667 34.0
1690 42.0
1691 48.0
1692 42.0
1693 44.0
1694 44.0
1724 42.0

1725 42.0
1726 44.0
1727 42.0
1758 42.0
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TABLE TABLE A-7. FLAME EXTENT UNDER NAFEC #B8811 CEILING

TEST 7-22-80

Time Flame Length Time Flame Length

[6] [cm] [s] cm]

960 0.0 1727 65.0

1063 10.0 1730 77.0

1127 5.0 1750 70.0

1135 15.0 1751 70.0

1140 15.0 1752 68.0

1200 15.0 1753 46.0

1225 15.0 1803 77.0

1264 25.0 1805 65.0

1297 30.0 1807 65.0

1307 32.0 1853 58.0

1315 45.0 1854 70.0

1321 30.0 1855 77.0

1336 46.0 1856 80.0

1537 30.0 1874 77.0

1338 30.0 1875 71.0
1353 32.0 1876 65.01354 32.5 1877 77.0
1366 35.0 1878 80.0
1367 30.0 1879 82.0
1378 45.0 1916 60.0

1380 35.0 1917 62.0
1382 39.0 1918 63.01383 33.0 1919 77.0

14-05 45.0 1948 70.0

1406 38.0 1949 75.0

1407 49.0 1950 72.5

1407 46.0 1951 77.0

1420 46.0 1987 58.0

1421 44.0 1988 93.0

1422 49.0 1989 65.0

1432 46.0 2059 65.0

1446 48.0 2060 77.0

1447 52.0 2061 90.0

1505 46.0 2062 65.0

1525 46.0 2085 77.0

1548 55.0 2086 77.0

1551 48.0 2087 77.0

1552 58.0 2088 65.0

1553 50.0
1577 58.0
1580 46.0
1619 58.0
1634 58.0

1667 48.0
1668 46.0
1691 50.0
1692 58.0
169"3 60.0
1694 62.0
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TABLE A-8. FLAME EXTENT UNDER NAFEC #223 CEILING

TEST 7-30-80

Time Flame Length Time Flame Length

[s] [cm] Is] (cm]
1089 0.0 1550 50.8
1118 7.6 1551 50.8
1140 7.6 1572 58.4
1175 15.2 1613 61.0
1176 10.2 1614 53.3
1199 12.7 1615 50.8
1201 15.2 1632 50.8
1246 17.8
1247 20.3
1248 12.7
1281 17.8
1282 15.2
1284 17.8
1299 15.2
1301 15.2
1313 7.6
1314 15.2
1-315 15.2
1521 17.8
1323 20.3
1328 12.7
132 15.2
1335 17.8
1366 20.3

c-56"' 20.3
1369 17.8
1388 20.3

1389 22.9
1390 17.8
1439 30.5
1440 27.9
1441 30.5
1442 3-,.6
1446 17.8
1449 30.5
1450 30.5
1451 27.9
1483 27.9
1484 43.2
1484 43.2
1494 45.7
1495 40.6
1509 40.6
1510 45.7
1511 43.2
1512 45.7
1 45 61.0
1546 48.3

1549 53.3

L( ()



TABLE A-9. FLVIE SPREAD UNDER PWIdA CEIIN,

TEST 8-5-80

Time Flame Length

[s] (cm]
971 0.0

1091 10.0
1 105 15.0
1113 30.0
1116 40.0
1128 60.0
1132 70.0
1133 70.0
1 '39 80.0
1143 90.()
1144 90.0
1156 115.0
1157 125.0
1158 128.0
1159 140.0
1160 130.0
1161 128.0
1164 130.0
1165 130.0
1167 130.0
1168 140.0
1173 130.0
1173 135.0
1174 140.0
1176 145.0
1177 150.0
1178 140.0
1119 140.0
1188 160.0
1189 160.0
1190 220.0
1197 230.0
1198 240.0

Flame Length Exponential Growth Factor = 0.0249 [s-  (Regression Coefficient = 0.89)

Flame Length Linear Crowth Rate = 1.95 [cm/s] (Regression Coefficient = 0.92)
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TABLE A-16

TEMPFATURE AND RADIATION MEASUREMENTS

FULL-SCALE TEST 8-20-80

FUILLY DEVELOPEU I'MMA CEILIN(; FIRE

In.trumCUL 
Measurement

I.D. 
Average Standard Deviation

[ 633 0 C 230C

A7 
708

0C 320c

A8 
782°C 140c

A9 
847

0 C 29 0 C

AIO 
764

0 C 19 0 C

All 
7570C 260C

A12 
793

0 C 5.70C

B2 
0.643 W/cm 2sr 0.027 W/cm 2sr-l -l

(3 
3.51 m 0.02 m

1)4 
2.122 W/cm

2  0.063 W/cm
2

*1.882 
W/cm 0.040 W/cm

2


